This study aimed to investigate the effects of three-dimensional (3D) printed titanium (3DTi) scaffolds on osteogenic differentiation and new bone formation by 3D cultured adipose tissue-derived stem cells (ADSCs) in vitro, and the effects of bone regeneration in vivo using a full-thickness mandibular defect rat model, and the mechanisms involved.
Background
Worldwide, mandibular bone defects are an important public health issue. The ability of bone grafts to repair bone defects is enhanced using mesenchymal stem cells. The reconstruction of facial bone defects that result from infection, trauma, tumor, or surgery remains a significant challenge for maxillofacial surgeons, mainly when repairing the mandibular ramus. The mandibular nerve branches are required not only for daily eating but also for facial aesthetics. Traditional methods of repair, including autogenous and allogeneic bone grafts, are limited by complications at donor sites, risk of disease transmission, limited sources, and can lack an accurate fit with the defects [1] . Through the development of tissue engineering, 3D-printed titanium (3DTi) scaffolds have attracted recent attention because of their excellent biocompatibility and increased control of the macro-structure and micro-structure. 3DTi scaffolds have been widely used in plastic surgery and reconstructive surgery, for example, in the repair of osteonecrosis of the femoral head [2] . However, the poor bioactivity of titanium limits the application of 3DTi scaffolds, bone tissue may not grow into the scaffold. Therefore, the use of mesenchymal stem cell implantation in bone graft repair has recently been evaluated as an alternative approach [3] .
Adipose tissue-derived stem cells (ADSCs) have several advantages for clinical use in bone graft repair, including their availability, low trauma associated with their use, and high their high content in tissues. Studies have shown that the proliferation and osteogenic effects of bone mesenchymal stem cells gradually decrease with age, while the osteogenic capacity of ADSCs does not [4] . Therefore, ADSCs show potential use in bone graft repair and may replace bone mesenchymal stem cells in bone regenerative medicine. However, during the culture of ADSCs in vitro, their differentiation occurs in a complex 3D environment, which is completely different from the traditional two-dimensional (2D) laboratory culture methods previously used [5] . The 3D culture conditions contribute to the functional differentiation of stem cells [5] , and is more suitable for applications in tissue engineering and regenerative medicine. However, the osteogenic effects of ADSCs in the 3D culture environments and their potential mechanisms remain unknown.
Therefore, this study aimed to investigate the effects of threedimensional (3D) printed titanium (3DTi) scaffolds on osteogenic differentiation and new bone formation by 3D cultured adipose-derived stem cells (ADSCs) in vitro, and the effects of bone regeneration in vivo using a full-thickness mandibular defect rat model, and the mechanisms involved.
Material and Methods

Three-dimensional printed titanium (3DTi) scaffolds
The 3DTi scaffolds were generated from the powdered form of the alpha-beta titanium alloy, Ti6Al4V, as previously described by He et al. [6] (Beijing ShapeDream Information Technology Co. Ltd, Beijing, China). The 3DTi scaffolds were designed with a diameter of 5 mm, a height of 1 mm, a strut width of 200 μm, and a 600 μm pore size, with >80% porosity, for use in animal experiments ( Figure 1A ). All scaffolds were prepared by selective laser melting and post-production heat treatment. The morphological characteristics of the scaffolds were evaluated by scanning electron microscopy (SEM) ( Supplementary Figure 1 ).
Cell culture of adipose tissue-derived stem cells (ADSCs)
Human adipose tissue-derived stem cells (ADSCs) were purchased from ScienCell Company (Carlsbad, CA, USA) and cultured in ADSC complete growth media (HUXMD-90011) (Cyagen, Santa Clara, CA, USA) supplemented with 10% fetal bovine serum, 1% penicillin-streptomycin, and glutamine. ADSCs were cultured at 37°C in saturated humidity containing 5% CO 2 . When the cells had grown to 70-80% confluence, they were digested with 0.25% trypsin without EDTA (Solarbio, Beijing, China).
3D cell culture in Cellmatrix collagen gel
ADSCs were cultured in a Cellmatrix Type I-A (631-00651) 3D collagen gel (Nitta Gelatin, Inc., Kerala, India), according to the manufacturer's instructions. Cell pellets were collected by centrifugation and mixed with the Cellmatrix mixture solution (1×10 6 cells/mL). The Cellmatrix mixture was dispensed into culture plates (96-well or 6-well) and incubated at 37°C for 30 min to form a hydrogel. The hydrogel was overlaid with an appropriate volume of serum-free culture solution, and standard cell culture was performed. Images of the 3D culture of ADSCs are shown in Supplementary Figure 2 .
Cell viability and proliferation
After 7 days of culture in the 2D plates or 3D hydrogel, the cells were evaluated with the LIVE/DEAD ® Viability/Cytotoxicity assay kit (L3224) (Invitrogen, Carlsbad, CA, USA). After incubation at 37°C for 30 min in the dark, the cells were imaged by fluorescence microscopy with and 80i Eclipse fluorescence microscope (Nikon, Tokyo, Japan).
The proliferation rates of cells cultured in the 2D or 3D culture medium were detected with a cell counting kit-8 (CCK-8) assay kit (Dojindo, Kumamoto, Japan) after the ADSCs were cultured in the hydrogel for 1, 3, 5, or 7 days. ADSCs cultured on 2D plates served as controls. The absorbance of the supernatant was detected at 450 nm with a microplate reader (Thermo Fisher Scientific, Waltham, MA, USA).
Histochemical staining with Alizarin red
ADSCs were cultured in Cellmatrix (3D group) or in the multiwell plates (2D group) to investigate the osteogenic effect of 3D culture. In the 2D group, ADSCs were cultured with either normal culture medium (2D-N group) or osteogenic medium (2D-O group). After culture for 14 days, all ADSCs were fixed in 70% ice-cold ethanol for 30 min and rinsed with double-distilled H 2 O 2 and then stained with 0.1% Alizarin Red S (Sigma-Aldrich, St. Louis, MO, USA) to identify calcium deposits. The bound stain was eluted using 10% acetic acid (Sigma-Aldrich, St. Louis MO, USA) to quantify the orange-red staining of Alizarin red, followed by neutralization with 10% ammonium hydroxide (Sigma-Aldrich, St. Louis MO, USA). The optical density at 405 nm was analyzed with a microplate reader (Thermo Fisher Scientific, Waltham, MA, USA).
Measurement of alkaline phosphatase (ALP) levels
Alkaline phosphatase (ALP) was measured using a commercial kit (Beyotime, Jiangsu, China). After 7 days of culture, all ADSCs were lysed by 0.1% Triton X-100 and Tris-HCl (10 mM, pH 7.4) for 2 h at 4°C. Then, p-nitrophenyl phosphate and lysate were mixed and incubated at 37°C for 15 min. The optical densities at 405 nm were quantified using a microplate reader (Thermo Fisher Scientific, Waltham, MA, USA).
Real-time polymerase chain reaction (RT-PCR)
RT-PCR was used to quantify the mRNA expression of the osteogenic genes, RUNX2, OPN, and OCN in ADSCs after 7 days and 14 days of incubation. Total mRNA was extracted from ADSCs with TRIzol reagent (Invitrogen, Carlsbad, CA, USA), and reversed-transcribed into cDNA using a cDNA synthesis kit (Thermo Fisher Scientific, Waltham, MA, USA). The primer sequences of selected genes are listed in Table 1 . The expression levels of osteoblastic markers were calculated based on the 2 -∆∆Ct method by normalizing the values to those of the housekeeping gene, GAPDH. RT-PCR was performed to evaluate the mRNA expression levels of the insulin-like growth factor-1 (IGF-1) gene. IGF-1 was evaluated because it plays an essential role in bone regeneration under stress, and the hydrogel could provide some stress to ADSCs in the 3D cultured group, and so the 2D and 3D cultures were evaluated with osteogenic media (the 2D-O group and 3D group).
Western blot
ADSCs were harvested and lysed in lysis buffer (Solarbio, Beijing, China) after culture for 14 days. Total protein levels were quantified with a bicinchoninic acid (BCA) kit (Solarbio, Beijing, China). Equal amounts of protein were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes. The membranes were incubated overnight with primary antibodies to runt-related transcription factor 2 (RUNX2) (1: 1000) (Abcam, Cambridge, UK), osteopontin (OPN) (1: 1000) (Abcam, Cambridge, UK), and osteocalcin (OCN) (1: 500) (Abcam, Cambridge, UK). GAPDH was used as the control. The blots were detected using an enhanced chemiluminescent (ECL) kit (Invitrogen, Carlsbad, CA, USA) and quantified with Quantity One software (Bio-Rad, Hercules, CA, USA).
Based on the RT-PCR results for IGF-1, Western blot was performed to evaluate the levels of proteins downstream of IGF-1, including, IGF-1R (1: 1000) Abcam, Cambridge, UK), phosphorylated (p) IGF-1R (1: 1000) (Abcam, Cambridge, UK), AKT (1: 500) (Abcam Cambridge, UK), pAKT (1: 500) (Abcam, Cambridge, UK), S6 (1: 10000) (Abcam, Cambridge, UK), and pS6 (1: 10000) (Abcam, Cambridge, UK).
Enzyme-linked immunosorbent assay (ELISA)
An enzyme-linked immunosorbent assay (ELISA) was performed to measure the insulin-like growth factor (IGF-1) protein content in the medium, using a commercially available ultrasensitive ELISA kit (ab100545; Abcam, Cambridge, UK), according to the manufacturer's instructions.
The rat model of full-thickness mandibular defect
Sprague-Dawley (SD) rats (n=9) at 8 weeks of age were obtained from the Peking Union Medical College Hospital (PUMCH). All animal experiments were approved by the Institutional Animal Care and Use Committee of PUMCH. In the model, 5 mm fullthickness standardized mandibular ramus defects were made surgically in each SD rat to examine the influence of 3D cultured ADSCs on bone repair ( Figure 1 ). All rats were randomly divided into three groups: the Control group, in which only 3D printed titanium alloy scaffolds were applied to the defect; the SC group, in which 250 μL of phosphate-buffered saline (PBS) containing 1×10 6 of ADSCs were injected into the scaffold after implantation; and the SCH group, in which Cellmatrix hydrogel containing 1×10 6 ADSCs was impregnated into the 3D printed titanium alloy scaffolds before implantation.
Micro-computed tomography (microCT) scanning
The mandible from each SD rat was harvested at 12 weeks postoperatively to track new bone formation. All samples were scanned using a microCT system (Bruker, Billerica, MA, USA). The bone volume/total volume (BV/TV) ratio was calculated using Materialise Mimics software (Materialise, Leuven, Belgium) to determine the degree of bone regeneration.
Histological analysis
Tissues from the bone defect area of the rat mandible were sectioned at a thickness of 50 μm and underwent van Gieson's histochemical staining that included 1.2% trinitrophenol solution and 1% acid fuchsin solution. The stained sections were imaged using light microscopy. The newly formed scaffolds and bone were identified as black and red areas within the tissue sections. The proportion of bone tissue was calculated with ImageJ software (NIH, Bethesda, MD, USA). 
Statistical analysis
All experiments were performed in triplicate. Data were expressed as the mean±standard deviation (SD). Student's t-test and one-way analysis of variance (ANOVA) were used to compare the differences between groups. A p-value <0.05 was considered to be statistically significant.
Results
Culture in three-dimensional (3D) printed titanium (3DTi) scaffolds did not affect the viability or proliferation rate of adipose tissue-derived stem cells (ADSCs)
Adipose tissue-derived stem cells (ADSCs) were studied in the three groups, including the 2D-N group (ADSCs cultured in standard culture medium), the 2D-O group (ADSCs cultured in osteogenic medium), and the 3D group (ADSCs cultured in Cellmatrix). The cell viability of ADSCs in 2D and 3D culture was assessed by the LIVE/DEAD ® Viability/Cytotoxicity assay. Live and dead cells showed green and red fluorescence, respectively. As shown in Figure 2A and 2B, almost no dead cells were observed in either group, and no significant differences were found between the 2D and 3D culture groups ( Figure 2C) . A cell counting kit-8 (CCK-8) assay was used to evaluate the proliferation rate of ADSCs on days 1, 3, 5, and 7 ( Figure 2D ). The cell number steadily increased until 7 days in the two groups, and similar cell proliferation rates were observed at each time point. These results indicated that the cell viability and proliferation of ADSCs were not affected by 3D culture.
Culture with 3DTi scaffolds enhanced osteogenic differentiation of ADSCs, including alkaline phosphatase (ALP) activity and Alizarin red staining
After incubation in 2D culture plates or 3D hydrogel for 14 days, Alizarin red was used to detect the calcium deposition in ADSCs. As shown in Figure 3A , the deposited mineralized matrix stained red. Quantitative analysis of the newly formed calcium deposits was performed by colorimetric detection ( Figure 3B ). There were substantial increases in calcium deposits in the 3D group, indicating that 3D culture increased the osteogenic potential of ADSCs. Because ALP activity plays an important role in the matrix mineralization process, the bone differentiation capability of ADSCs was evaluated by measuring ALP activity at day 7. The ALP activity in the 3D group was significantly increased compared with 2D-N and 2D-O groups on days 7 (p <0.05) ( Figure 3C ). This result indicated that 3D culture promoted osteogenic differentiation of ADSCs.
Real-time polymerase chain reaction (RT-PCR) and Western blot
Real-time polymerase chain reaction (RT-PCR) and Western blot were performed to assess the expression of osteogenesis-related mRNA and proteins, respectively. The mRNA expression levels gradually increased over time from day 7 to day 14. At day 7, osteocalcin (OCN) and osteopontin (OPN) were not significantly increased in the 3D group. However, all mRNAs, including runt-related transcription factor 2 (RUNX2), OCN, and OPN, showed significantly increased in the 3D group compared with the 2D groups after 14 days of culture (p<0.05) ( Figure 4A-4C ). On day 14, the levels of osteogenesis-related proteins, Runx2, OPN, and OCN were also significantly increased in the 3D group compared with the 2D group (p<0.05) ( Figure 4D, 4E) . These results confirmed the osteogenic ability of ADSCs in the 3D hydrogel. Also, the osteogenic potential of ADSCs in 3DTi scaffolds in vitro was also evaluated and the results corresponded with osteogenesis-related mRNA expression of ADSCs without 3DTi scaffolds ( Supplementary Figure 3) .
3D culture enhanced osteogenic differentiation through the IGF-1R/AKT/mTORC1 pathway
Insulin-like growth factor-I (IGF-1) plays an important role in the development of the skeleton and the healing of fractures associated with stress [7, 8] . It has previously been shown that skeletal unloading significantly reduced IGF-1 expression levels [9] . Therefore, the Cellmatrix hydrogel was used to provide loading onto the ADSCs during 3D culture. The results showed that the IGF-1 protein levels in the supernatant were highly expressed in the 3D culture environment ( Supplementary  Figure 4 ). It has been previously shown that after IGF-1 is released, it combines with its receptor, IGF-1R, on the cell membrane and then activates the downstream mTORC1 signaling pathway to promote osteogenesis [10] . In this study, the expression levels of IGF-1 mRNA were assessed by real-time polymerase chain reaction (RT-PCR), which showed that the concentration of IGF-1 in the 3D group gradually increased with the incubation time. There were no changes between different time points ( Figure 5A ).
The protein expression levels of the IGF-1R/AKT/mTORC1 signaling pathway molecules were measured by Western blot to explore the mechanisms of osteogenesis in this study further. The results showed that the protein levels of pIGF-1R, pAKT, and pS6 were significantly increased in the 3D group but not in the 2D group (Figure 5B, 5C) . Therefore, the 3D culture of ADSCs enhanced osteogenesis by activating the IGF-1R/AKT/mTORC1 signaling pathway.
3D culture enhanced bone growth in the 3D-printed alphabeta titanium alloy, Ti6Al4V, scaffolds in vivo At 12 weeks following surgery, micro-computed tomography (microCT) and histology were performed to detect the newly formed bone within the scaffolds. As shown in Figure 6A , the Control group showed almost no bone formation, and the SC group showed only minor new bone formation. However, microCT scanning showed that newly formed bone and scaffold were well-integrated in the SCH group. Quantitative analysis showed that the bone volume/total volume (BV/TV) ratio was highest in the SCH group (p <0.001) ( Figure 6B ). Histology supported the findings from microCT imaging. Only fibrous tissue was observed in the Control group. However, in the SCH group, the 3DTi scaffold was filled with newly formed bone, and the amount of new bone formation was greatest in the SCH group, as shown by Van-Gieson staining (p <0.001) ( Figure 6C, 6D) . No complications were observed in any of the animals used in the in vivo experiments. 
Discussion
A three-dimensional (3D) culture environment can promote the osteogenic differentiation of adipose tissue-derived stem cells (ADSCs) induced by dexamethasone in vitro [11] . However, traditional two-dimensional (2D) culture involves seeding cells into plastic plates, which greatly reduces their differentiation potential [12] . In the present study, Cellmatrix hydrogel was used to load ADSCs into the 3D culture medium. The 3D culture technique for ADSCs did not affect stem cell viability and proliferation, as the culture conditions in Cellmatrix mimicked physiological conditions found in vivo, which may enhance adhesion and communication between cells [13] .
Interactions between the extracellular matrix (ACM) and neighboring cells define cellular behaviors, including survival, differentiation, and proliferation [14] . In the present study, ADSCs were investigated in three groups, including the 2D-N group (ADSCs cultured in standard culture medium), the 2D-O group (ADSCs cultured in osteogenic medium), and the 3D group (ADSCs cultured in Cellmatrix). After culturing the cells for 14 days, Alizarin red staining showed more mineralized deposits from ADSCs in the 3D cell culture group than in the 2D culture group. The levels of alkaline phosphatase (ALP), an osteogenic marker [15] , were also promoted by 3D culture. Real-time polymerase chain reaction (RT-PCR) and Western blot were performed to assess the expression of osteogenesis-related mRNA for RUNX2, OPN, OCN, and IGF-1 genes and proteins, and the findings supported osteogenesis associated with the ADSCs, with increased expression in the 3D culture environment. These findings are supported by the results from previously published studies that showed increased expression of osteogenic factors and ALP in osteoblast-like MC3T3-E1 and MG63 cells in the 3D culture associated with increased gone mineral deposits [16] . Similar findings were previously reported using SaOS2, a human osteosarcoma cell line, where the expression levels of markers of early osteoblastic differentiation markers such as Runx2 and ALP were increased [17] . A 3D cell culture environment for ADSCs may promote osteogenesis through the IGF-1R/AKT/mTROC1 signal pathway. IGF-1 is an important growth factor involved in the process of bone healing, which acts synergistically. Also, IGF-1 modulates skeletal growth through paracrine and autocrine mechanisms [18] . Several cell types release IGF-1 under conditions of mechanical loading [19] . The Cellmatrix hydrogel was used in the present study because it provided mechanical loading during 3D culture. Therefore, this study investigated the expression levels of IGF-1 and activation of IGF-1R/AKT/mTORC1 signaling pathways (Figure 7 ). In the 3D culture environment, IGF-1 was released into the matrix by ADSCs, where it bound to IGF-1R, which may further activate mTORC1 signaling and initiate its downstream physiological functions [20] . Also, mTORC1 has previously been reported to play a critical role in bone homeostasis [21] . The expression levels of pIGF-1R, pAKT, and pS6K, a specific downstream protein of mTORC1, were found to be increased under the culture conditions used in this study. Previous studies showed cross-talk between the integrin and IGF-I signaling pathways to enhance bone formation in response to mechanical loading [22] . These data suggest that high expression levels of IGF-1 upregulate the phosphorylation of IGF-1R and activate its downstream mTORC1 pathway, thereby confirming the involvement of the IGF-1R/AKT/mTORC1 signaling pathway in the 3D culture environment of ADSCs.
The alpha-beta titanium alloy, Ti6Al4V, is one of the most promising candidates for use in the scaffold among the metal alloys due to the low cytotoxicity and mechanical properties of Ti6Al4V. The 3D titanium alloy (3DTi) scaffold has an interconnected porous architecture, which provides the necessary space for bone ingrowth and angiogenesis and can provide sufficient mechanical support [23] . The 3DTi scaffold cannot be degraded, and its excellent biocompatibility has been previously described [24] . However, the bio-inert properties of Ti6Al4V significantly limit its applications in orthopedic procedures, and 8051 3DTi scaffolds used alone have little osteogenic capability [6] . Previous studies have used hydrogel/titanium micro hybrids to improve bone integration [25] .
Therefore, the present study aimed to investigate whether 3D cultured ADSCs promoted bone grown into the 3DTi scaffold in vivo. Also, a 5 mm critical size mandibular bone defect rat model was established, which could not spontaneously heal with bone grafting [26] . The ADSCs were cultured in the Cellmatrix hydrogel before implantation. The findings from the in vivo study in the rat model showed that in the SCH group, in which Cellmatrix hydrogel containing ADSCs were impregnated into the 3DTi scaffolds before implantation, there was improved new bone formation when compared with other study groups. Previous studies showed that stem cell injected grafting method significantly reduced the survival rate of cells due to acute inflammation or oxidative stress [27] , and the incorporation of the surrounding muscle into the scaffolds also restricted bone regeneration. Chen et al. [28] reported that hypoxic conditions could improve the survival of mesenchymal stem cells and improved osteogenesis in vivo, and the hydrogel microenvironment is moderately hypoxic. Cellmatrix contains Type I collagen, which has previously been reported to induce osteogenic differentiation of mesenchymal stem cells [29] . Hydrogel can retain the viability of mesenchymal stem cells and increase the osteogenic potential of ADSCs. In the present study, a rat model with a full-thickness mandibular defect was used, which was evaluated with micro-computed tomography (microCT) scanning and histological analysis. In this in vivo model, mandibular bone defects implanted with 3D cultured ADSCs combined with the 3DTi scaffold showed more mineralized bone tissue formation in the scaffolds when compared with the acellular scaffolds (in the Control group) and the scaffold impregnated with ADSCs alone (the SC group).
Conclusions
This study aimed to investigate the effects of three-dimensional (3D) printed titanium (3DTi) scaffolds on osteogenic differentiation and new bone formation by 3D cultured adipose tissue-derived stem cells (ADSCs) in vitro, and the effects of bone regeneration in vivo using a full-thickness mandibular defect rat model, and the mechanisms involved. The use of 3DTi scaffolds enhanced osteogenic differentiation and new bone formation by ADSCs through the IGF-1R/AKT/mTORC1 pathway. The use of 3D culture conditions of ADSCs combined with the 3DTi scaffold was shown to improve osteointegration and may have a clinical role in improving bone grafts before implantation for the repair of mandibular bone defects.
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